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INTRODUCTION 
X-ray backscatter tomography (XBT), based on the detection of Compton 
scattering, has been applied to a variety ofNDE problems with varying success. Its 
strength is its applicability with access to only one side of an object. The method is limited, 
however, to the detection of features near the surface of relatively light materials. When 
used to inspect structured or dense materials, XBT is plagued by superposition artifacts and 
limited by attenuation and noise. We often investigate the feasibility of using XBT for 
particular applications by trial and error, acquiring data from material specimens using 
varying inspection parameters. 
With the goal of establishing some measurement of system performance that would 
be useful in screening applications, this paper describes the inspection process in terms of a 
system model with material properties as input and tomographic imagery as output. 
Parameters affecting system performance or output quality are discussed and data acquired 
from specially fabricated phantoms and specimens of steel reinforced rubber composites 
are examined. 
OBJECT MATERIAL PROPERTIES 
Compton scattering, an interaction between x-ray photons and a material's 
electrons, is the predominant interaction in the range of x-ray energies commonly used for 
industrial radiography. It occurs in proportion to the material's electron density, 
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where p is physical density, N is Avagadro's number, Z is atomic number, and A is 
atomic weight. Since the ratio Z/ A is nearly constant among elements, we can consider x-
ray backscatter signal variation as representing variations in physical density. The ability to 
detect an object feature depends on its density and its size, as well as the density of the 
surrounding volume. We define density contrast as the ratio of the density change I1p 
caused by a feature of density PF to the bulk or matrix density p. 
(2) 
For this study we fabricated two phantoms and evaluated materials from two similar 
inspection applications. The phantoms were fabricated by casting wire penetrameters into a 
polyester resin block. The penetrameters, designated ASTM E747-94 material grade 1 
(Steel) and Grade 02 (Aluminum), wire set B, each contain six parallel wires with 
diameters increasing from .25 to .81 millimeters. The penetrameters were each cast in 
position at an angle of 20 degrees to the phantom's surface plane to determine the ability of 
an XBT system to detect them at various depths. 
The applications involved two types of steel reinforced rubber sonar domes similar 
in construction to large tires. The steel reinforcement consists of wire cords approximately 
1.4 mm in diameter, spaced 2.5 mm apart (10 cords per inch). The cords consist of29 
strands of wire arranged in seven twisted strands (according to the cord specification (lx4) 
x 0.175 + (6x4) x 0.175 + 1 x 0.15 10/20/3.5 SZS). 
The dome wall is built up of alternating radial and longitudinal structural plies with 
additional non-structural fill rubber and cover plies. The wall thickness varies, with more 
reinforcement and extra fill near the attachment to the hull. Keel dome cords typically fail 
in a tensile mode that produces well defined and separated broken ends. Bow domes are 
prone to corrosion-fatigue failure, which is more difficult to detect. In this study, we will 
consider the system's ability to resolve the cords themselves rather than cord damage. 
The range of materials we examined and their associated density parameters from 
Equation 2 are listed in Table 1. 
INSPECTION SYSTEM 
System Model 
We will consider the simple backscatter detection geometry shown in Figure 1. A 
collimated beam of x-rays penetrates the object, causing scattering in all directions from 
Ta ble 1. Material density parameters. 
Object Matrix Contrast LVi p p(g/cm3) Material PF 
Phantom 1.121 Al j 2.70 1.41 
Phantom 1.121 Fe3 7.86 6.01 
Composite 1.232 Fe3 7.86 5.39 
Composite 1.232 Fe4 4.21 3.21 
1. Polyester resm (measured) 
2. Carbon black filled rubber (handbook value) 
3. Handbook values 
4. Steel (Fe) corrected for multi-strand cord cross-section assuming rubber penetration 
2056 
along its path. Those photons that traverse path n, interact at point P, scatter through the 
angle 6, and traverse path 13, are detected. The total x-ray flux at the detector is 
where Ip is due to scattering at point P and In is a background level not associated with 
point P. It can be shown that 
I = I e-p(E)z da (E 8) ~O P (P) Ve-p'(E,B)z' 
P 0 dO' e I 
(3) 
(4) 
where 10 is the initial x-ray flux, Ji..E) and fl(E,U) are the material's linear attenuation 
coefficients for the primary and scattered x-ray energies, respectively, z and z' are the 
lengths of paths a and p, respectively, dO'ldo. is the Klein-Nishina cross section for 
Compton scattering through the angle B, 1'10. is the solid angle subtended by the detector 
and its collimator, Pe(P) is electron density at P, and Vi is the inspection volume (voxel) at 
P [1]. For a given inspection set-up, assuming homogeneous material and monoenergetic 
x-rays, we can substitute a system parameter k, so that 
(5) 
The system's response to a density variation 1'1p is 
(6) 
where VF is the volume of the anomalous density and j(VdV;) represents the convolution 
of the system point-spread function (PSF) and the density distribution. 
The inspection system of Figure 1 can be traversed or scanned to interrogate a 
series of positions P(x,y,z), producing a set of measurements I(x,y,z) representing samples 
of the object's density as a function of position. For the detection of a feature with mass 
VF1'1p, in an object of volume V scanned during a time T, the signal to noise ratio can be 
Object 
X-ray beam 
Figure 1. Diagram of the basic x-ray backscatter inspection process. 
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described as 
(7) 
where r = IslIp [2]. The chief contributor to r is multiple scattering. This occurs because a 
significant number of x-ray photons not scattering at point P undergo more than one 
scattering interaction and arrive at the detector. The optimum scanning resolution is such 
that Vi :o::VF. 
According to Equation 5, we can expect an unambiguous interpretation of the 
backscatter signal as representative of the material density. This is indeed our experience 
with homogeneous materials. However, most backscatter inspection systems and many 
applications do not enjoy the simplicity we introduced for the analysis. The impractial 
inspection times resulting from the simple arrangement of Figure 2 have been overcome by 
schemes using multiple detectors or collimators. Non-homogeneous materials (or those 
with irregular surfaces) also present additional complexity. In such cases, 11 is a function of 
position, requiring the integration of the attenuation terms in Equation 4 over the path 
lengths involved. Density variation outside the voxel at P is thus represented in the 
measurement Ip. Yet another complexity is introduced when a bremsstrahlung x-ray source 
is used. Equation 4 must be integrated over the tube's x-ray energy spectrum. "Beam 
hardening," the preferential absorption oflow energy photons, also skews the spectrum as 
the beam penetrates the object. Along with the usual radiographic limitations in terms of 
contrast, resolution, and noise, we must also deal with the artifacts resulting from these 
superimposed effects. 
Apparatus 
Our XBT scanner, the commercially available Philips ComScan ™ system, uses a 
mechanical moving aperture to sweep a collimated x-ray beam. The compact mechanism 
allows the positioning of both the x-ray tube target and the detector arrays very close to the 
object, resulting in high flux density and correspondingly low voxel dwell times. 
Two arrays of eleven slit-collimated detectors are located on either side of the beam 
aperture to provide 22 overlapping tomographs in one pass of the scanner, as shown in 
Figure 2. Apertures are changeable to vary the scanning depth and resolution for different 
applications. The scanner head, traversed at a programmable speed, covers an inspection 
area up to 50 mm x 100 mm in one pass. The x-ray subsystem is operated at 160 kilovolts 
and 18 milliamperes. In the 250 by 500 pixel tomographs produced, each voxel is 
represented internally by a 12-bit pixel datum, with 8 bits displayed and data storage and 
output available as either 8 or 16-bit unsigned integers. 
For undersea work, we have enclosed the scanner in a submersible vessel with a 
thin aluminum x-ray window. The XBT data in this study was obtained by placing the 
objects against the aluminum window surface and scanning the inner surface of the 
window. In this configuration, the scanner acquires scatter data beginning 3.56 mm from 
the window surface. Geometric limitations to the scanned depth are then determined by the 
available detector apertures as shown in Table 2. 
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Figure 2. Conceptual diagram of a Philips ComScan XBT scanner. One of the two detector 
arrays is shown. Detectors receive scattered x-rays and their output is used to construct 
images representing parallel slices through the object at different depths. 
Noise 
Scattered x-ray data is inherently noisy due to the statistical processes of x-ray 
photon production, scattering, and detection. The primary source of unwanted contributions 
to the signal is multiple scattering. Source and detector collimator inefficiency (leakage), 
detector crosstalk, photomultiplier noise and electronics noise also contribute. 
Resolution 
Resolution can be defined a number of ways. Nominally, the image resolution is 
.2mm by .2mm, determined by the spatial sampling frequency of 5 pixels per millimeter. 
The beam aperture is approximately .4 mm by .4 mm. implying overlapping pixels. 
Measured beam profiles on film show a spread in air from 1 mm wide at the aperture to 3 
mm wide 50 mm away. The third voxel dimension is determined by the changeable 
detector apertures and is blurred by the slit aperture's line spread function. The modulation 
transfer function, often used to define resolution, is difficult to determine in the presence of 
noise. The system model presented here is also insufficient for an analytic determination. 
Since resolution is dependent on these many interrelated factors, our approach is to 
experimentally determine an envelope of feature detectability in terms of density, size, and 
depth. 
Table 2. Detector aperture inspection depth ranges (mm). 
Aperture 
lOmm 
20mm 
50mm 
Starting Depth 
3.56 
3.56 
3.56 
Depth Limit 
13.46 
23.80 
53.34 
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IMAGE DATA 
For this study, we conducted a number ofXBT scans of the phantoms and the sonar 
dome specimens, with each scan producing 22 tomographs. Due to space limitations, we 
will only use a few representative tomographs to illustrate our results. 
Image Processing 
XBT data can be directly displayed without reconstruction. However, it usually 
benefits from processing of two types: correction and enhancement. Since the detector 
photomultiplier background drifts, it is measured at the beginning of each scan and 
automatically subtracted. The remaining variation in signal background due to geometry, 
attenuation, and efficiency variation among detector channels can be corrected using 
correction factors from calibration scans of a standard material (or a featureless region) 
averaged to reduce noise. Corrected values Ie are calculated for a scanned volume by 
MN 
Ie (x,y,z) = I(x,y,z)-:N.,-------
~)cal(n,y,z) 
(8) 
n=1 
where I(x,y,z) is the volumetric scan data, M is a desired normalized mean value, and 
IcaAn,y,z) is data from N vertical scan planes I(y,z) acquired during the calibration scan. In 
terms of Equation 4, the scanner aperture motion in the y dimension varies ~Q with a 
maximum at the center of the scan. The z dimension corresponds to depth (i.e. detector 
channel number) with the associated attenuation path lengths Z and z'. Scanner head 
traversal in the x dimension results in replication of the aperture scanning and introduces no 
additional error. CornS can uses values of 100 for both M and N. Figure 3 compares raw 
and corrected line scan profiles I(y) from selected slices I(x,y) of the phantom data. 
'~~ ~ 
"~,~ ~ 
NbJ ~~~~l 
Figure 3. Line profiles (250 pixels) from slices 2, 10, and 20 of the phantom matrix 
material. Profiles on the left exhibit artifacts of attenuation, geometry, and detector channel 
variations. Those on the right are corrected to remove artifacts and normalize the mean to a 
value of 100 in the 8-bit data range of 0 to 255. 
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Figure 4. Partial data from steel wire penetrameter phantom. Thirty-five by 305 pixel 
regions are shown from corrected and histogram equalized slices I (left) and 15 (right). 
Enhancement refers to processing to improve the images. Among the many 
algorithms available, we find most useful the contrast enhancement obtained by 
normalization over the eight-bit output dynamic range and by histogram equalization. 
Noise reduction by spatial filtering sometimes offers an improved appearance at the 
expense of resolution. The utility of image processing methods in various combinations 
depends on the application (and the availability of a good material calibration standard). 
Phantom Images 
The steel wire phantoms were scanned using the 10 and 20 mm detector apertures. 
Figure 4 shows excerpts from XBT slice images I and 15 of the steel wire phantom from 
the 10 mm apertures. Bright indications of the higher density wires are seen to decrease in 
strength with decreasing wire size. Five wires are visible in slice one but only three are 
seen in slice fifteen. The sharpness of the wire images also decreases with depth. The dark 
features are shadow artifacts caused by x-ray beam attenuation by the part ofthe wire 
between the imaged plane and the penetrameter surface. As the depth increases, the wire 
intersections with the imaged plane shift to the right and the shadows become longer due to 
the angled position of the wires within the phantom. Table 3 summarizes the results ofthe 
wire phantom XBT scans using the 10 mm apertures. Aluminum wires with diameters 
smaller than .s I mm. and steel wires smaller than .33 mm. were not resolved at any depth. 
Application Images 
The phantom images permitted the lUXury of considering the resolution of 
individual wires in contrast to their surrounding matrix. The application images, 
tomographs of sonar dome specimens, present a different problem. Here the attenuation 
artifacts of multiple plies are superimposed on the images. An understanding of the 
composite structure helps an interpreter identify steel cord plies in spite of these artifacts, 
but the inspection depth is ultimately limited by them. Figure 5 shows two slices from the 
sonar dome scans. The dome wall contains five alternating radial and longitudinal plies. 
The image of slice 2 shows a single radial ply. Slice 6 shows a longitudinal ply with a 
Table 3. Maximum depths ofpenetrameter wire detection in XBT phantoms. 
Wire size Steel wire Aluminum wire 
inches mm Slice no. Depth mm Slice no. Depth mm 
.032 0.81 22 13.46 7 6.71 
.025 0.64 22 13.45 3 4.91 
.020 0.51 22 13.46 2 4.46 
.016 0.40 -~ 
.013 0.33 
.010 0.25 
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Figure 5. Tomographs of a 50 x 100 mm region on a composite sonar dome. Slices at level 
2 (left) and 6 show the first radial ply and the first longitudinal ply, respectively. 
shadow artifact from the overlying radial ply. Deeper slices reveal additional plies, but with 
increasingly severe superposition effects. A series of XBT scans was taken of regions on 
the dome with varying outer fill rubber thickness and using various detector apertures. We 
determined that cord image quality was insufficient for effective NDE of longitudinal plies 
in all images deeper than 6.7 mm, corresponding to 10 mm aperture slice 7. 
CONCLUSION 
X-ray backscatter data can be directly imaged without reconstruction as tomographs 
representing object density. Interpretation, however, benefits from a priori knowledge of 
the object's structure, and an understanding of the scanner's design, the system model, and 
data processing. Our goal was to determine whether the phantom images or some measure 
of system performance derived from them is useful in predicting the success of an 
application. The phantom data determined an envelope of feasibility in terms of wire size, 
density contrast, and depth. The application material, having cord density between the two 
wire materials and a cord diameter greater than the largest penetrameter wire would be 
expected to be well within that envelope. However, the application was further limited by 
attenuation and superposition artifacts. We conclude that if an application is not eliminated 
by comparison with a phantom-based performance envelope, further testing of material 
samples may be needed to determine the application-specific artifacts. Such testing of these 
materials resulted in the successful development of an XBT application for keel-mounted 
sonar domes [3]. XBT was found to be unsuitable for inspecting the large bow domes due 
to the greater depth range requirements. 
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